Introduction
Structural modification of conjugated polymer chains has proved to be useful for the synthesis of redox dopable electronically conducting polymers with a broad range of mechanical, electrical, electrochemical and optical properties. Various derivatives of polyacetylene, poly(p-phenyl-ene), polypyrrole and polythiophene have accordingly been studied over the past decade [1] [2] [3] . The electropolymerization of heterocyclic monomers with formation of electrically conductive and redox active polymers is highly dependent on the monomer oxidation potential. In some cases, the monomer is oxidized at potentials that cause polymer degradation, leading to defect-containing materials or even completely inhibiting polymerization. In the case of thiophene, this situation has been termed the polythiophene paradox [4] , Electropolymerization of conjugated oligomer molecules provides a simple route to polyheterocycles of a higher purity, because this approach allows one both to decrease the monomer oxidation potential and to determine most of the linkages between the heterocyclic entities. It is noteworthy that such oligomers have the potential of being electropolymerized onto anodically corrodible metal substrates as a result of their lower oxidation polymerization potentials, compared to traditional monomers. Moreover, starting from short oligomers tremendously increases the potential for designing the polymer electronic properties. Using organic synthesis, one can indeed combine at will various conjugated 'building blocks', such as vinylene units, phenylene, thiophene, or pyrrole groups. Since the electronic structure of conjugated alternating copolymers is directly related to the nature and the ratio of those 'building blocks' [5, 6] , the polymerization of appropriately designed mixed oligomers appears of particular interest for the control of both the bandgap and the redox potentials in conjugated macromolecules. Following this approach, this paper describes the synthesis and the electronic properties of two novel conjugated polymers combining vinylene, thienylene and phenylene units. Since polymer formation from oligomers requires symmetric compounds end-capped by heterocycles with open α positions available for oxidative coupling reaction, we have synthesized 2,2'-dithienyl-ω,ω'-1,4-divinyl benzene (DTDVB) and 2,2'-dithienyl-ω,ω'-2,5-divinyl thiophene (DTDVT) (Scheme 1). The optical absorption spectra of these monomers have been recorded and compared to theoretical curves, in order to rationalize the effect of substitution of the internal phenylene unit by a thiophene ring on the monomer electronic structure.
Scheme 1.
We also report on the electropolymerization of DTDVT and DTDVB and the main characteristics of the resulting electroactive polymers. The electrochemical and optical properties of the polymers are discussed on the basis of the theoretical values calculated for the polymer electronic properties (ionization potentials, electroaffinities and bandgaps).
Experimental

Chemicals
Thiophene (Janssen Chimica) was distilled before use. Tetrahydrofuran (THF) was distilled over the purple sodium/benzophenone complex before use. 1,4-Bis(chloromethyl)benzene (Aldrich), sodium hydride (Aldrich, 60% dispersion in mineral oil), 2-thiophene car-boxaldehyde (Janssen Chimica) and triethylphosphite (Fluka) were used without any purification. 2,5-Bis(chloromethyl)thiophene was synthesized as reported in the scientific literature [7] . The 1 H and 13 C NMR spectra were recorded with a Bruker AM 400 spectrometer operating at 400 and 100 MHz, respectively; the chemical shifts were measured with respect to tetramethylsilane (in the following, the coupling constants J are given in Hz). The IR spectra were recorded with a Perkin-Elmer 1600 FT spectrometer.
Monomer synthesis
Both monomers were successfully synthesized via a two-step reaction route [8] [9] [10] . Tetraethyl-l,4-phenyl-bis(methylphosphonate) [11] was obtained by the reaction of l,4-bis(chloromethyl) benzene with triethylphosphite at 120 °C (yield 98%). When reacted with sodium hydride in THF, followed by addition of 2-thiophene carboxaldehyde, this compound was converted into the desired 2,2'-dithienyl-ω,ω'-l,4-divinyl benzene in 68% yield (yellow powder, m.p. 269 °C (275 °C [8] 
Electrochemical polymerization
Electrochemical polymerization and cyclic voltammetry were carried out with an EG&G Princeton Research model 273 potentiostat/galvanostat. Three platinum sheets were used as working, counter and pseudo-reference electrodes. Acetonitrile (ACN) was distilled over CaH 2 . Lithium per-chlorate and tetraethylammonium perchlorate (TEAP) were dried for 24 h under reduced pressure and used as supporting electrolyte. The monomer concentrations were 5 x 10 -3 M for DTDVT and 10 -4 M for DTDVB (due to limited solubility) and the electrolyte concentration was 0.1 M.
Optical spectroscopy
UV-Vis absorption spectra of monomer solutions in ACN were recorded in a quartz cell. The monomer concentrations were chosen so that appropriate absorbance values were obtained at λ max . Polymer films were electropolymerized onto transparent indium-tin oxide (ITO) -coated glass by repeated potential scans. They were brought to the neutral state, thoroughly rinsed with ACN, dried and their UV-Vis spectrum was recorded. All the UV-Vis spectra were measured with a Philips (PU 8700 Series) UV-Vis spectrophotometer.
Theoretical methodology
Full geometry optimizations were first carried out for DTDVB and DTDVT monomers and polymers at the Har-tree-Fock semi-empirical Austin model 1 (AM1) level.This technique is well known to provide good estimates for the geometry of organic systems [12] . With this method, we have found that the DTDVT molecule is fully planar, while, in DTDVB, the central phenyl ring twists 15° out of the plane of the rest of the molecule. These conformations are maintained in the corresponding polymer chains. In the case of bithiophene and polythiophene, adjacent rings are tilted 27° with respect to each other. Based on those AMl-optimized geometries, the intermediate neglect of differential overlap (INDO) method [13] , coupled to a single configuration interaction (SCI) technique [ 14] , was then used to simulate the optical absorption spectra of DTDVB and DTDVT. The electronic configurations involved in the INDO/SCI formalism were generated by promoting one electron from the 20 highest-occupied molecular orbitals to the 20 lowest-unoccupied levels. The introduction of further levels did not modify the results in any significant way. The electron-electron repulsion terms were described via the MatagaNishimoto potential [15] , which is appropriate to reproduce absorption spectra within the INDO/SCI technique. The theoretical spectra were obtained by means of a convolution with Gaussian lines whose full width at half-maximum was set at 0.2 eV. Using the structural data for the optimized geometries of the polymers, the electronic structures of PDTDVB and PDTDVT were determined with the non-empirical valence effective Hamiltonian (VEH) method [ 16] . This technique was developed in order to obtain accurate estimates of the main electronic parameters of conjugated and nonconjugated polymers: bandgap (E g ), ionization potential (IP) and electron affinity (EA). Fig. 1 shows the UV-Vis absorption spectra of the monomers, DTDVB and DTDVT, in ACN. The former exhibits a characteristic absorption peak at 372.5 nm and two additional bands at 240 and 205 nm, while, in the latter, the main band peaks at 407 nm and a series of low-intensity features appears between 350 and 200 nm. The calculated absorption spectra are also shown in Fig. 1 . In both compounds, there occurs an intense peak at low energy, together with several low-intensity lines at higher energy. This is in good agreement with the experimental lineshape. The theoretical data indicate that the major absorption band is due to an excitation from the highest-occupied molecular orbital (HOMO) to the lowest-unoccupied (LUMO) electronic level The high-energy features are more complex, since each of them results from several configurations involving excitations among π and Π* levels, either delocalized over the whole molecule or localized on the rings. Experimentally, the main absorption clearly shows a fine structure which could be either of vibronic origin or due to a chemically unresolved mixture of cis-trans isomers. Several arguments point to the former hypothesis. First of all, the Wittig reaction used in the monomer synthesis usually leads to the all-trans product, which is confirmed by the 1 H NMR spectrum. Secondly, the energy calculated for the first optical transition of the DTDVB isomers is 3.23, 3.49 and 3.64 eV for the all-trans, cis-trans and all-cis isomer, respectively. Accordingly, the splitting between peaks 1-2 and 1-3 should be 0.26 and 0.41 eV, respectively, which is inconsistent with the values measured from Fig. 1(a) (0.15 and 0.30 eV, respectively). Thirdly, the observed splittings agree with the energy of an intense vibrational mode observed at 1179 cm -1 (0.146eV) on the Raman spectrum (Fig. 2) . This vibrational mode is the signature of the heterocyclic S-C bonds and C=C aromatic bonds. Finally, this fine structure is very similar to that observed for the corresponding poly(para-phenylene-vinylene) (PPV) oligomer, for which a vibronic origin has been experimentally established and theoretically rationalized [ 17] . We can therefore safely ascribe these features to a vibronic structure. The main absorption peak in the spectrum of DTDVT (Fig. 1(b) ) also shows a fine structure, as already observed by Geisleretal. [18] .Based on the above-mentioned arguments, we also propose it to correspond to a vibronic progression, in contrast to the previous interpretation [ 18] . The relative intensity of the components of the vibronic progression is related to the degree of geometrical relaxation of the molecules in the excited state. In both compounds, the , spectra are not dominated by the 0-0 transition, i.e. the transition between the lowest vibrational states (component 1 in Fig. 1(a) and (b) ). The geometric relaxation in the excited state is therefore significant, since the 0-1 transition (component 2) is the most intense transition, as is the case for PPV oligomers [ 17] . Note that the possibility of reaching vibra-tionally excited states was not included in the calculations; consequently, the position of the main peak in the theoretical curves is in best agreement with component 1 (0-0 transition).
Results and discussion
Optical absorption spectra of the monomers
Electrochemical polymerization
In addition to the polymerization of DTDVB and DTDVT, we have also considered the electrochemical synthesis of polythiophene from bithiophene (BT), as a reference compound. In cyclic voltamperometric experiments, using a Pt working electrode, the monomers exhibit an anodic peak ; characteristic of the formation of radical cations, with onset -potentials of 1.2,1.08 and 0.88 V (versus Pt) for BT, DTDVB and DTDVT, respectively. (We have checked that the Pt pseudo-reference gives reproducible results in solutions of similar composition.)
Fig. 2. Raman spectrum of DTDVB (powder).
The DTDVB and DTDVT monomers show significantly lower polymerization potentials than BT, in agreement with the calculated ionization potentials (see Table 1 , where BT is the reference). This merely results from the smaller Π system of BT, which is accordingly less prone to oxidation than the two thienylene vinylene molecules. Both theory and experiment show that the oxidation potential is higher for DTDVB compared to DTDVT, because the phenylene unit, which is more aromatic than the thiophene ring, makes the π-conjugation along the backbone less effective. It is interesting to note that the decrease in oxidation potential with respect to BT allows DTDVB and DTDVT to be electropolymerized onto anodically corrodible metals such as nickel. A PDTDVT film can actually be deposited before the anodic dissolution of the metal occurs, in contrast to what happens in the case of PBT. This point is being further investigated and will be reported elsewhere. On the electropolymerization voltammogram of both monomers, a reduction peak is observed near 500 mV on the reverse scan as a result of the reduction of the oxidized polymer on the electrode surface ( Fig. 3; curve A) . As expected, on the second scan (curve B), the current originates at lower potentials as a result of the polymer oxidation on the electrode surface, followed by the monomer oxidation. The overall increase in current upon repetitive scanning can be explained by deposition of the conducting polymer which increases the effective surface area of the electrode, as argued elsewhere for other monomers [ 19] . Table 1 The electrodeposited polymer films have been carefully washed with ACN in order to remove the monomer excess and to investigate their electroactivity in monomer-free electrolytes. PDTDVT films studied with LiClO 4 as a supporting electrolyte show electrochromic activity between 0.4 and 1 V with a reversible change in color from red to blue. The anodic current linearly changes with the scan rate as expected for electrochemically formed species that are precipitated onto the electrode surface [20, 21 ] (Fig. 4) . The cyclic voltammogram of PDTDVT (Fig. 5) shows two oxidation and two reduction peaks that occur with a good reversibility. They may be attributed to the sequential oxidation and reduction to form polarons and bipolarons on the conjugated chains. Previous studies [22] of the electrochemical oxidation and reduction of conducting polyheterocyclic films indicate that the sequential formation of polarons and bipolarons can occur at essentially the same potential. However, although potentials of these redox events are too close to each other for voltammetry to discriminate them, variations in the electrolyte medium and temperature can be responsible for a low potential shoulder on the anodic scan. Enhanced counterion mobility is thought to decrease the potential of the neutral-to-polaron redox event and to make it distinguishable from the polaron-to-bipolaron response. Child and Reynolds [23] have also observed this peak separation in the case of ether-substituted polythiophene. For that system, they have shown that polaron and bipolaron formation is controlled by the potential rather than by an iontransport phenomenon. In the case of PDTDVT, the same conclusion is expected to hold since there is no reason for a more efficient ion-transport compared to PBT. PDTDVB has been studied under the same electrochemical conditions as PDTDVT. The color of the thin films reversibly changes from orange to blue between 0.4 and 1V. The current shows a linear dependence on the scanning rate, with a slope which is very similar for the two polymers under consideration (Fig. 4) . By taking the following equation [20] into consideration, it appears that the same amount of polymer is electrodeposited in the two cases:
where A is the electrode surface, Γ 0 is the molar amount of the adsorbed compound on the surface during the potential sweep, υ is the scanning rate, i p is the current peak intensity, n is the number of electrons exchanged during the reaction and F is the Faraday constant. From the slope, the total amount of cationic adsorbed species (AΓ 0 ) corresponds to 3.677 X 10 -9 mol. When more anodic potentials are applied to thin films of PDTDVB (i.e. over 1.2 V), a second oxidation peak is observed, which corresponds to an irreversible reaction responsible for a decrease in polymer electroactivity. This peak is assigned to the overoxidation of the polymer film. It is thus essential to keep the switching potential below 1.2 V in the course of the electropolymerization, so as to avoid overoxidation and deactivation of the polymer. PDTDVB is less stable than PDTDVT, for which the overoxidation peak appears only at 1.6 V. The first oxidation potential for each polymer is smaller compared to PBT, in agreement with the calculated ionization potentials ( Table 2) . This difference cannot be accounted for by differences in the conjugation lengths, as was the case for the parent monomers, since the three polymers must contain fairly long conjugated segments (and since calculations are based on regular infinite chains). The chemical structure of the basic polymer units should rather be invoked. The PDTDVT structure formally corresponds to the insertion of vinylene units in the all-thiophene backbone of PBT, which is known to reduce the oxidation potential [24] . This effect is due to the Π electrons of the vinylene double bond which tend to interact more strongly with the neighboring Π system and enhance electronic derealization of the frontier levels, resulting in an increase of the width of the upper valence band and thus in a decreased oxidation potential. The enhancement of electronic derealization is less pronounced in PDTDVB with respect to PDTDVT, because the Π electrons within the phenylene rings tend to remain more localized than those in the less aromatic thiophene rings. The oxidation potential of PDTDVB is accordingly in between those of PBT and PDTDVT. The ability of these polymers to be electrochemically n-doped has also been investigated. We have clearly observed n-doping in a 0.1 M TEAP solution in ACN: these films turn .reversibly from red to blue in the cathodic scan and the vol-tammetric curve (Fig. 6 ) indeed shows the corresponding peaks. In contrast, the n-doping of PDTDVT and PDTDVB films has failed in a 0.1 M LiClO 4 solution in ACN. No reversible peak is observed during a cathodic scan and no characteristic blue color for the doped polymers is detected. Instead, irreversible alteration of the electroactivity of the polymers is observed. It is well known that the cation of the supporting electrolyte plays a major role [25] in the n-doping process. Indeed, the polymer chains are negatively charged and the electroneu-trality is preserved by cations incorporated into the films. On voltammograms such as that shown on Fig. 6 , we can measure the difference between the onset of the anodic oxidation peak (p-doping) and the cathodic reduction peak (n-doping); the two values correspond to the lowest energies required to extract and to inject an electron in the polymer, respectively. Accordingly, an approximate 'electrochemical value' can be measured for the polymer bandgap, i.e. 1.7 eV for PDTDVT and 1.85 eV for PDTDVB.
Evolution of the bandgap
The polymer bandgaps have also been estimated from the onset of the absorption spectrum in the neutral state (Fig. 7) . The polymers show a bathochromic shift (compared to the monomers) with λ max shifting from 372.5 to 423 nm in the case of DTDVB and from 407 to 562 nm for DTDVT, as expected for highly conjugated structures. It must be noted that the fine structure observed for the monomers disappears in the polymer spectra, probably as a result of some structural disorder (note that this does not preclude the presence of an underlying vibronic progression). Nevertheless, the polymers show a distinct Π to Π* transition with a bandgap onset of 1.87 eV for PDTDVB, 1.55 eV for PDTDVT and 1.85 eV for PBT. These optical values are in good agreement with the electrochemical data ( Table 3 ). The theoretical values are also consistent with the optical absorption data; the fact that the calculated bandgaps are systematically lower than the experimental data may be due to the presence of some structural disorder in the actual polymers, whereas infinite regular chains are considered in the calculations. Nevertheless, very similar bandgaps are calculated for PBT and PDTDVB, significantly higher (about 0.3 eV) than for PDTDVT, in good agreement with the measurements. This difference can be explained on the basis of the arguments used above in the discussion of the oxidation potentials. Compared to PBT, only small changes are expected for PDTDVB, since the effects of the vinylene units and the phenylene rings on the electronic structure tend to cancel each other. In contrast, only vinylene units in PDTDVT are at work and the bandgap significantly decreases with respect to PBT [26] . The results reported in this paper are also consistent with the observations published for related compounds [27, 28] . The bandgap of PDTDVB is smaller than in PTBT (thio-phene-benzenethiophene; E gopt = 2.2 eV) due to the presence of the vinylene groups. For the same reason, PTVT (thiophene-vinyl-thiophene; E gopt = 1.8 eV) has a larger gap than PDTDVT, in agreement with a vinylene/thiophene ratio which is larger for PDTDVT (2:3) than for PTVT (1:2). This also confirms that compounds containing no phenylene group have lower bandgaps, as expected from the calculated values.
Synopsis
The Wittig reaction scheme has been used to synthesize two all-trans thienylene vinylene derivatives. As a first step, the optical and electrochemical properties of these monomers have been rationalized on the basis of quantum-chemical calculations. These monomers have then been polymerized electrochemically; this leads to electroactive compounds that can be both p-and n-doped. The electrochemical properties and the absorption spectra of the two polymers have been compared to polybithiophene, both from the experimental and theoretical points of view. The analysis of the results indicates that phenylene and vinylene units have antagonistic effects on the electronic structure; combining these two groups with thiophene units leads only to small changes in the electronic properties. In contrast, inserting only vinylene units in the polythiophene backbone allows us to reduce significantly the bandgap and the ionization potential of the conjugated system.
